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Nickel plating has been used as the under bump metallization (UBM) in the
microelectronics industry. The electroplated Ni-P UBM with different phospho-
rous contents (7 wt.%, 10 wt.%, and 13 wt.%) was used to evaluate the inter-
facial reaction between Ni-P UBM and Sn-3Ag-0.5Cu solder paste during
multiple reﬂow. (Cu,Ni)6Sn5 intermetallic compounds (IMC) formed in the
SnAgCu solder/Ni-P UBM interface after the ﬁrst reﬂow. For three times
reﬂow, (Ni,Cu)3Sn4 IMC formed, while (Cu,Ni)6Sn5 IMC spalled into the solder
matrix. With further increasing cycles of reﬂow, the Ni-Sn-P layer formed
between (Ni,Cu)3Sn4 IMC and Ni-P UBM for Ni-10wt.%P and Ni-13wt.%P
UBM. However, almost no Ni-Sn-P layer was revealed for the Ni-7wt.%P
UBM even after ten cycles of reﬂow. In consideration of the wettability of Ni-P
UBM, the interfacial reaction of SnAgCu/Ni-P, and dissolution of Ni-P UBM, the
optimal phosphorous selection in Ni-P UBM was proposed and also discussed.
Key words: Lead-free solder, electroplated, under bump metallurgy (UBM),
interfacial reaction, Ni-Sn-P, dissolution
INTRODUCTION
Electronic packaging is a technology of manufac-
turing electronic products that are composed of inte-
grated circuits chips and electronic devices.1,2 An
under bump metallization (UBM), which is a multi-
layer structure, contains essential functions includ-
ing adhesion to the terminal electrode, diffusion
barrier between solders and terminal electrodes,
and wetability for soldering. In general, the materi-
als’ selection of UBM is very crucial in microelec-
tronic packaging. The nickel based UBM, instead
of Cu, has been widely used because of the rapid
reaction of Sn with the Cu as well as the spalling
problem associated with Cu-Sn intermetallic com-
pounds (IMCs).3–13 Recently, because of its cost
effectiveness, the electroless nickel process has
become an alternative method for depositing Ni.
However, a Ni-Sn-P phase formed between IMCs
and Ni-P UBM causes IMCs to be spalled into the
solder matrix, resulting in a reliability concern.14–22
More recently, the detailed formation conﬁguration
for NixPy layers and Ni-Sn-P in the Sn-Ag-Cu/Ni-P
UBM solder joint was intensively investigated with
a newly developed ﬁeld emission electron probe
microanalyzer.22 It is argued that the formation of
Ni-Sn-P is signiﬁcantly dependent on the phospho-
rous content of Ni-P UBM.13,22 Therefore, the phos-
phorous content selection for Ni-P as an UBM is a
critical issue.
In this study, factors including the deposition rate
of Ni-P UBM, wettability between solder and Ni-P
UBM, IMCs attached on UBM, UBM dissolution,
and voids in the P-rich layer are considered to be
the criteria for selection of an optimal phosphorous
content in Ni-P UBM. Moreover, the appropriate
thickness of Ni-P UBM is also suggested.
EXPERIMENTAL PROCEDURE
The nickel-phosphorous layer was prepared by
electrodeposition and the Brenner-type bath23 was
used. The metallization layer employed was Ni-P
deposit/Cu/Ti/Si, and the top metal of Si wafer was
Cu, which acted as an interconnection line. The
adhesion layer was sputtered Ti of 1,000 A˚. The
10-mm Ni-P was electroplated on the top of electro-
plated Cu to be jointed with the solder paste. With
different phosphoric acid (H3PO3) additions, the
various phosphorous contents of Ni-P deposit were
evaluated (7 wt.%, 10 wt.%, and 13 wt.%).13 After
deposition, the electroplated Ni-P layer specimen(Received March 9, 2006; accepted April 12, 2006)
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was immediately immersed in deionized water for
2 min. and then dried with alcohol.
As the UBM was plated onto the Si wafer, a com-
mercial solder paste, Sn-3Ag-0.5Cu (SMIC, Senju
Metal Industry Co., Tokyo), and RMA ﬂux (TAC-
FLUX, Indium Corporation of America, New York,
NY) were applied on the Ni-P UBM and then
reﬂowed several times. Solder reﬂows were carried
out in a conducting solder reﬂow oven (Falcon 5 3 5
MultiPurpose System, SIKAMA, Santa Barbara,
CA). The peak temperature was set at 240°C.
Interfacial morphologies between solders and
UBM were observed with a ﬁeld emission scanning
electron microscope (FESEM, JSM-6500F, JEOL,
Tokyo, Japan). The compositions of various phases in
the solder joints and the corresponding elemental
distribution across the joint interface were quan-
titatively measured with a ﬁeld emission elec-
tron probe microanalyzer (FE-EPMA, JXA-8500F,
JEOL) with the aid of a ZAF program.24
The evaluation of UBM dissolution is indicated in
Fig. 1, which represents the schematic of the cross
section of the SnAgCu/Ni-P joint. After reﬂows,
measurement was ﬁrst carried out in the unreacted
region to calculate the original thickness of Ni-P
UBM and then, extending to the reacted region, to
realize the residual thickness of Ni-P UBM. More-
over, the P-rich layer was assumed as one part of
UBM dissolution in the calculation, since Ni atoms
supplied by the P-rich layer were limited. With the
original thickness of UBM minus the residual thick-
ness of UBM, the dissolution of UBM was thus eval-
uated. In this calculation, each condition was
measured more than ten times in the reacted region
and the average value was achieved.
Moreover, a newly developed cross section ion pol-
isher (CP, SM-09010, JEOL) was used to prepare
the samples for observation of voids in the interface
between solders and UBM by FESEM.
RESULTS AND DISCUSSION
Interfacial Reaction of SnAgCu/Ni-P
Joint after Reﬂow
Backscattering electron images (BEIs) of the Sn-
3Ag-0.5Cu solder paste on the Ni-P UBM with 7
wt.% phosphorous content after multiple reﬂows
are shown in Fig. 2. It is revealed that after one
reﬂow, the IMCs were formed and a P-rich layer
was also developed between IMCs and the Ni-P
layer, as displayed in Fig. 2a. A continuous IMC
attached on the Ni-P and another IMC with darker
color in the BEI image covered the lighter IMC after
one reﬂow.
With the aid of FE-EPMA, compositions of these
IMCs were quantitatively analyzed. The composi-
tion of the lighter intermetallic compound was
55.3at.%Sn-35.1at.%Ni-9.4at.%Cu. The ratio of the
atomic percentage of (Ni 1 Cu) to Sn was (35.1 1
9.4):(55.3), which was close to 3:4. Therefore, this
IMC could be denoted as the (Ni,Cu)3Sn4 IMC. On
the other hand, the spalled IMC was with
45.9at.%Sn-25.0at.%Ni-29.0at.%Cu, in which the
atomic percentage ratio of (Ni 1 Cu) to Sn was
(25.0 1 29.0):(45.9) and was close to 6:5. Thus, the
(Cu,Ni)6Sn5 IMC was conﬁrmed.
With increasing reﬂows up to three, Fig. 2b
reveals the growth of (Ni,Cu)3Sn4. The increasing
thickness of (Ni,Cu)3Sn4 implied that more Ni atoms
diffused out from Ni-P UBM; thus, the thickness of
P-rich layer was also increased. Besides, almost all
of the (Cu,Ni)6Sn5 was spalled into the solder matrix
due to the growth of (Ni,Cu)3Sn4. It is worth noting
that a few voids were found in the P-rich layer after
three times of reﬂow. One possibility for the void
formation might be the fact that many Ni atoms
diffused from Ni-P UBM into solder to form IMCs.
For increasing reﬂows to ﬁve and ten, as shown
in Fig. 2c and d, the thickness of both (Ni,Cu)3Sn4
and P-rich layer apparently increased. It was
reported13,17–19,22 that a Ni-Sn-P phase formed on
the P-rich layer caused the spalling of Ni3Sn4 IMC
to solder matrix. The spalling of Ni3Sn4 IMCs in the
tin-based lead-free solder/Ni-P UBM system raises
a reliability problem.18,19 In this study, almost no
Ni-Sn-P phase formed between the IMC and P-rich
layer in the SnAgCu/Ni-7wt.%P joint. In considera-
tion of the reliability issue, the (Ni,Cu)3Sn4 IMC was
still attached on the Ni-P UBM, which served as an
interlocking medium between the solder and UBM,
even after ten times of reﬂow.
The Sn-3Ag-0.5Cu/Ni-10wt.%P joint formed after
multiple reﬂows, as displayed in Fig. 3. (Cu,Ni)6Sn5,
(Ni,Cu)3Sn4 IMCs, and a P-rich layer were formed
after one reﬂow, as shown in Fig. 3a. This is similar
to the Ni-7wt.%P UBM after one reﬂow. However,
after three reﬂows, a few IMCs were spalled into
solders, as revealed in Fig. 3b. A thin Ni-Sn-P layer
formed above the P-rich layer, and the Ni-Sn-P
layer grew intermittently adjacent to the P-rich
layer. As reﬂow times increased to ﬁve and ten,
more IMCs were spalled into the solder matrix
and the Ni-Sn-P phase grew more continuously, as
shown in Fig. 3c and d.
The Sn3Ag0.5Cu/Ni-13wt.%P joint after multiple
reﬂows was revealed in Fig. 4. After one reﬂow, as
shown in Fig. 4a, the IMC formation was much dif-
ferent from the Ni-7wt.%P and Ni-10wt.%P joint. In
the Ni-13wt.%P joint, a continuous Ni-Sn-P layer
Fig. 1. A schematic diagram of the SnAgCu/Ni-P joint for calculation
of UBM dissolution.
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formed on the P-rich layer and some (Cu,Ni)6Sn5
were spalled into the solder matrix after one reﬂow.
Nearly all the IMCs were spalled into the solder
matrix when the reﬂow times were increased to
three. For ﬁve and ten times of reﬂow, all IMCs
were spalled into the solder matrix and the thick-
ness of the Ni-Sn-P layer increased apparently. In
addition, the thickness of the P-rich layer was
increased dramatically. The thickness of the P-rich
layer was almost 4 mm after ten times of reﬂow,
while that of the Ni-7wt.%P joint was only 1 mm,
even after ten times of reﬂow.
It is noted that voids in the P-rich layer were only
revealed in the Ni-7wt.%P joint after multiple
reﬂows. It should be pointed out that the phospho-
rous content of Ni-P UBM played an important role
in the void formation. For the Ni-7wt.%P joint
(14at.% of P), the formation of the P-rich layer
(25at.%P in Ni3P) after reﬂow was due to the out-
diffusion of Ni atoms into the solder matrix, and
then a crystalline phase was induced. This process
is called ‘‘solder reaction-assisted crystallization of
Ni-P UBM.’’25 Therefore, from 14 at.% to 25 at.%,
much of Ni atoms were diffused out, so that many
voids were revealed and then aggregated to a larger
one, as observed by FESEM. On the other hand,
P contents in both the Ni-10wt.%P (18at.% P) and
Ni-13wt.%P (24at.% P) joints were much closer to
25at.%P in Ni3P. Consequently, the void formation
in Ni-10wt.%P and Ni-13wt.%P joints was signiﬁ-
cantly reduced and too small to be observed by
FESEM.
Similarly, the thickness difference of the P-rich
layer in joints of different P contents was attributed
to the phosphorous content dissimilarity. For Ni-P
UBM with the higher P content, such as Ni-
10wt.%P and Ni-13wt.%P, it was rather easy to
form a P-rich layer during the reﬂow process. As a
result, a thicker P-rich layer was obtained for the
Ni-13wt.%P joint after multiple reﬂows.
Fig. 2. Cross-sectional image of interfacial morphology in the Sn-3Ag-0.5Cu/Ni-7wt.%P after various reﬂows: (a) one, (b) three, (c) ﬁve, and
(d) ten times.
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Sohn et al.17 once argued that IMC spalling
increased with P content in the Sn-Ag/Ni-P joints.
The experimental design in Sohn’s work was similar
to that in this study. Nevertheless, there was a dif-
ference in the solder paste used, i.e., Sn-Ag-Cu in
this study instead of Sn-Ag in Sohn’s study. Sohn
et al. reported that Ni3Sn4 and Ni-Sn-P formed after
the reﬂow process. However, Cu6Sn5 developed after
one reﬂow in this study. After further reﬂows, the
IMCs were transformed to Ni3Sn4 and Ni-Sn-P due
to Cu depletion. In fact, the interfacial morphologies
were rather similar between Sohn’s and this study.
Ni-P UBM Dissolution
Figure 5a reveals the diagram of Ni dissolution
versus reﬂow cycles for these three joints. For the
Ni-7wt.%P joint, it was revealed that the dissolution
of UBM was fast and reached 1.05 mm after only one
reﬂow. With further reﬂows, the dissolution rate
decreased. The dissolutions of UBM were 1.30 mm,
1.87 mm, and 2.24 mm for three, ﬁve, and ten
reﬂows, respectively.
In the case of Ni-10wt.%P joint, the dissolutions of
UBMwere 0.8 mm, 2.35 mm, 3.2 mm, and 4.35 mm for
one, three, ﬁve, and ten reﬂows. It was found that
the dissolutions of UBM between the Ni-7wt.%P
joint and the Ni-10wt.%P joint after one reﬂow were
nearly identical. After three reﬂows, UBM of the Ni-
10wt.%P joint (2.35 mm consumed) dissolved faster
than that of the Ni-7wt.%P joint (1.30 mm con-
sumed). In fact, Ni atoms in (Ni,Cu)3Sn4 and
(Cu,Ni)6Sn5 played an important role in the faster
dissolution rate of the Ni-10wt.%P joint after three
reﬂows. For one reﬂow, the major IMC for both the
Ni-7wt.%P and Ni-10wt.%P joints was (Cu,Ni)6Sn5
IMC. The quantity of Ni atoms required to form the
(Cu,Ni)6Sn5 IMC was about 25 at.% by quantitative
analysis of FE-EPMA, as indicated in the previous
section. In addition, the thickness of (Cu,Ni)6Sn5
was only 1 mm after one reﬂow for both the Ni-
7wt.%P and Ni-10wt.%P joints. Therefore, the Ni
Fig. 3. Cross-sectional image of interfacial morphology in the Sn-3Ag-0.5Cu/Ni-10wt.%P after various reﬂows: (a) one, (b) three, (c) ﬁve, and
(d) ten times.
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Fig. 5. Dissolution of Ni-P UBM with various phosphorous content after multiple reﬂows: (a) dissolution versus reﬂows and (b) dissolution
versus t1/2.
Fig. 4. Cross-sectional image of interfacial morphology in the Sn-3Ag-0.5Cu/Ni-13wt.%P after various reﬂows: (a) one, (b) three, (c) ﬁve, and
(d) ten times.
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atom dissolved in both the Ni-7 wt.% joint and the
Ni-10wt.%P joint was almost identical after one
reﬂow.
As reﬂow times increased, (Ni,Cu)3Sn4 became
the major IMC. The amount of Ni atoms necessary
to develop (Ni,Cu)3Sn4 was substantially increased
to 35 at.%. In addition, the Ni-10wt.%P joint with
higher P content more easily formed the P-rich
layer. Consequently, the UBM dissolution in the
Ni-10wt.%P joint was increased appreciably after
three reﬂows. For further reﬂows, the dissolution
rate of UBM was slowed, similar to the case of the
Ni-7wt.%P joint.
For the Ni-13wt.%P joint, the P-rich layer formed
quickly after reﬂows because the original P content
in Ni-P, i.e., 24 at.%, was very close to that of the
P-rich layer, i.e., 25 at.% in Ni3P. As a result, the dis-
solution of UBM in the Ni-13wt.%P joint was very
fast, from 2.14 mm to 5.57 mmwith increasing reﬂows.
Figure 5a indicates that the Ni-7wt.%P joint
exhibited the lowest UBM dissolution. The Ni-
7wt.%P joint, with the largest difference between
the original matrix P content and the P-rich layer
in these three joints, could supply more Ni atoms
than the other two joints. Consequently, the Ni dis-
solution of the Ni-7wt.%P joint was the lowest of all.
It was found that the dissolution rate was fast in the
initial stage and then slowed in further reﬂow pro-
cesses. In fact, a diffusion-controlled process for the
dissolution of UBM is just a reverse process of the
IMC growth. Figure 5b represents the plot of Ni
dissolution as a function of t1/2, and a linear rela-
tionship was clearly revealed. This demonstrated
that the UBM dissolution was essentially a diffu-
sion-controlled process.
Optimal Phosphorous Content Selection
for the Soldering Reaction of Ni-P UBM
and SnAgCu Solder
To select an optimal phosphorous content of Ni-P
UBM, factors such as the deposition rate of Ni-P
UBM, wettability between solder and Ni-P UBM,
IMC spalling, UBM dissolution, and voids in the
P-rich layer were taken into consideration.
Recently, the deposition rate of Ni-P UBM and the
wettability between the lead-free solder and Ni-P
UBM was investigated.13 The deposition rates were
36 mm/h, 28.2 mm/h, and 9.6 mm/h for Ni-7wt.%P,
Ni-10wt.%P, and Ni-13wt.%P, respectively. The
wetting angles between commercial Sn-3Ag-0.5Cu
solder and Ni-P UBM were 26.5°, 22°, and 19° for
Ni-7wt.%P, Ni-10wt.%P, and Ni-13wt.%P, respec-
tively. According to the database of National Insti-
tute of Standards and Technology, the wetting
angles are in the range of 30–40° between commer-
cial solder pastes and Cu UBM.26 In this study, the
wetting angle of this commercial solder paste on the
Ni-P UBM was smaller than 30°, implying that the
Ni-P layer was able to offer good wettability.
Results of IMC spalling, UBM dissolution, and
voids in the P-rich layer were discussed in the above
sections. A summary table is displayed in Table I.
The Ni-7wt.%P joint was found to be very good
among all tests, except the voids in the P-rich layer.
Zeng et al. argued that the formation of voids in the
interface of the SnPb/Cu joint would cause the shear
strength of the joint to dramatically decrease.27 In
the case of the Ni-7wt.%P joint in this study, the
voids in the P-rich layer might cause a reliability
issue. To conﬁrm that voids in the P-rich layer were
not generated by grinding and polishing during sam-
ple preparation, the specimen was further prepared
by CP, a cross section ion polishing machine. Figure
6 shows the BEI of Sn-3Ag-0.5Cu/Ni-7wt.%P after
ten reﬂows polished by CP. It was evident that the
voids indeed existed in the P-rich layer. However,
void formation could be suppressed by increasing
the P content in Ni-P UBM, since less Ni atoms
could be ejected from Ni-P UBM to solder. Con-
sequently, the optimal phosphorous content of Ni-P
UBMwas suggested in the range of 7 wt.% to 10 wt.%.
CONCLUSION
The optimal phosphorous content of Ni-P UBM
was investigated by preparation of three kinds
of Ni-P UBM (Ni-7wt.%P, Ni-10wt.%P, and
Ni-13wt.%P) jointed with Sn-Ag-Cu solders. In con-
sidering the selection criteria for UBM, such as the
deposition rate of Ni-P UBM, the wettability
between the solder and Ni-P UBM, the IMC
spalling, the UBM dissolution, and the voids in
the P-rich layer, the Ni-7wt.%P UBM seemed to be
the best choice among these three joints. However,
voids were observed in the P-rich layer of the
Ni-7wt.%P joint, and these voids may raise a reli-
ability concern. Nevertheless, the voids could be sup-
pressed by increasing the P content of Ni-P UBM for
Table I. Various Properties of SnAgCu/Ni-P Joints with Different Phosphorous Content
P Content
of Joint
Deposition
Rate (mm/h)
Wetting Angle*
(Degree)
UBM**
Dissolution (mm)
IMC
Spalling
Voids Formed
in P-Rich Layery
7wt.%P 36 26.5 1.3 None Yes
10wt.%P 28.2 22 2.35 Partially No
13wt.%P 9.6 19 3.22 Substantially No
*Wetting angle between SnAgCu solder and Ni-P UBM.
**UBM dissolution after three reﬂows.
y‘‘Yes’’ means that voids were revealed by FE-SEM.
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less Ni atoms diffusing out from the UBM to the
solder. Consequently, the optimal phosphorous con-
tent of the Ni-P UBM was suggested to be in the
range of 7 wt.% to 10 wt.%.
The UBM dissolution in the Ni-7wt.%P joint was
the lowest of all. Moreover, the required thickness of
Ni-P UBM could be suggested by consideration of
UBM dissolution after the severe multiple reﬂow.
For the Ni-7wt.%P joint, 2.24-mm Ni-P UBM was
dissolved after ten reﬂows. Therefore, 3 mm of
Ni-7wt.%P was suggested to serve as a suitable UBM
for at least ten reﬂows. It was thus demonstrated
that the optimal phosphorous content selection and
appropriate thickness of Ni-P UBM were success-
fully provided in this study.
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